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Plants adjust the timing of the transition to flowering
to ensure their reproductive success in changing
environments. Temperature and light are major envi-
ronmental signals that affect flowering time through
converging on the transcriptional regulation of
FLOWERING LOCUS T (FT) encoding the florigen
in Arabidopsis. Here, we show that a MYB transcrip-
tion factor EARLY FLOWERING MYB PROTEIN
(EFM) plays an important role in directly repressing
FT expression in the leaf vasculature. EFM mediates
the effect of ambient temperature on flowering and is
directly promoted by another major FT repressor,
SHORT VEGETATIVE PHASE. EFM interacts with an
H3K36me2 demethylase JMJ30, which forms a nega-
tive feedback regulatory loop with the light-respon-
sive circadian clock, to specifically demethylate an
active mark H3K36me2 at FT. Our results suggest
that EFM is an important convergence point that
mediates plant responses to temperature and light
to determine the timing of reproduction.
INTRODUCTION
Plants respond to environmental signals to determine the timing
of the transition to flowering, which is essential for their repro-
ductive success. Temperature and light are two major related
environmental cues that are intimately perceived by plants and
contribute to precise regulation of flowering time in changing
seasons.
Plants have evolved various adaptive mechanisms to optimize
their reproductive efforts in response to a wide range of tolerable
temperatures. Low temperatures near the freezing point affect
flowering in Arabidopsis in the vernalization pathway, mainly
through a potent repressor FLOWERING LOCUS C (FLC)
that directly suppresses the expression of two floral pathway in-
tegrators, FLOWERING LOCUS T (FT) and SUPPRESSOR OF
OVEREXPRESSION OF CONSTANS 1 (SOC1) (Creville´n and
Dean, 2011; Li et al., 2008; Michaels and Amasino, 1999; Searle
et al., 2006; Sheldon et al., 2000). Warmer ambient growth
temperatures also have a profound effect on flowering ofDevelopArabidopsis (Bla´zquez et al., 2003). This is mediated by several
key regulators identified in the thermosensory pathway involving
various molecular mechanisms. A bHLH transcription factor
PHYTOCHROME INTERACTING FACTOR 4 (PIF4) binds and ac-
tivates FT under relatively high temperatures in short days, which
is facilitated by a decrease in a repressive H2A.Z nucleosome
occupancy at the FT locus (Kumar et al., 2012; Kumar and
Wigge, 2010). In parallel to PIF4, two MADS-box transcription
factors, SHORT VEGETATIVE PHASE (SVP) and FLOWERING
LOCUS M (FLM), also play essential roles in mediating the flow-
ering response to ambient temperatures (Balasubramanian
et al., 2006; Lee et al., 2007, 2013; Pose´ et al., 2013). SVP inter-
acts with FLM-b, a functional protein isoform encoded by a
splice variant of FLM (Scortecci et al., 2001), to suppress down-
stream flowering promoters, such as FT and SOC1, in a temper-
ature-dependent manner (Lee et al., 2013; Pose´ et al., 2013).
Changes in ambient temperature not only regulate the abun-
dance of SVP and FLM-b but also affect the formation of the re-
sulting repressor complex and its ability to bind to targets.
As a major downstream integrator regulated by various tem-
peratures, FT is also well known as the major component of
the long-sought florigen that move from leaves to the shoot api-
cal meristem to induce the formation of floral meristems in
response to light (Corbesier et al., 2007; Jaeger and Wigge,
2007; Liu et al., 2012; Mathieu et al., 2007). Under long-day con-
ditions, FT messenger RNA (mRNA) expression is activated in
vascular tissues of leaves in a circadian rhythmic manner by
the transcriptional regulator CONSTANS (CO) whose expression
and activity are controlled by light signaling pathways and the
circadian clock (An et al., 2004; Imaizumi, 2010; Samach et al.,
2000; Song et al., 2013; Sua´rez-Lo´pez et al., 2001; Valverde
et al., 2004; Wigge et al., 2005). Thus, transcriptional regulation
of FT seems to be a key output resulting from integration of tem-
perature cueswith light signals, which is favorable to plant repro-
ductive plasticity under fluctuating seasonal conditions.
In this study, we show that a MYB transcription factor, EARLY
FLOWERING MYB PROTEIN (EFM), plays an important role in
directly repressing FT expression in the leaf vasculature in a
dosage-dependent manner. EFM is directly promoted by SVP
and mediates the effect of ambient temperature on flowering.
EFM interacts with a Jumonji-C (JmjC)-domain-containing pro-
tein, JMJ30, a dimethyl H3K36 (H3K36me2) demethylase that
forms a negative feedback regulatory loop with the light-respon-
sive circadian clock, to specifically demethylate an active mark
H3K36me2 at the FT locus. Our results suggest that EFMmental Cell 30, 437–448, August 25, 2014 ª2014 Elsevier Inc. 437
Figure 1. EFM Regulates Flowering Time in
Arabidopsis in a Dosage-Dependent Manner
(A) Schematic diagram shows the EFM coding re-
gion, the transposon insertion site in efm-1 (a Col
near-isogenic line introgressed from N16895), and
the target site of the AmiR in AmiR-efm. Exons and
introns are indicated by black and white boxes,
respectively.
(B) EFM expression is undetectable in efm-1
by semiquantitative PCR using the primers that
amplify the full-length EFM transcript. TUB2 was
amplified as an internal control.
(C) efm-1 shows earlier flowering than a wild-type
(WT) plant under long-day conditions.
(D) Flowering time of efm-1 under long-day and
short-day conditions. Values were scored from at
least 20 plants of each genotype. Error bars indi-
cate SD. Asterisks indicate significant differences
in flowering time of efm-1 compared with that of
wild-type (WT) plants (Student’s t test, p < 0.001).
(E) Distribution of flowering time in T1 transgenic
plants carrying the EFM genomic fragment (gEFM)
in efm-1 background.
(F and G) In (F), downregulation of EFM in inde-
pendent AmiR-efm transgenic plants correlates to
the degree of early flowering under long-day con-
ditions. Expression of EFM in (F) and (G) was
determined by quantitative real-time PCR in 9-day-
old independent transgenic seedlings. Results
were normalized against the expression of TUB2.
The maximum expression is set as 100%. Error
bars indicate SD. (G) Upregulation of EFM in in-
dependent 35S:EFM transgenic plants correlates
to the degree of late flowering under long-day
conditions.
See also Figure S1.
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EFM Mediates Flowering Responsesmediates Arabidopsis responses to temperature and light to
determine the timing of reproduction in response to changing
environments.
RESULTS
EFM Represses Flowering in Arabidopsis
To elucidate SVP function during the floral transition, we per-
formed chromatin immunoprecipitation (ChIP)-chip analysis as
previously described (Tao et al., 2012) to identify enriched
genomic regions for SVP in wild-type Arabidopsis plants over
svp-41 null mutants. One of the potential binding sites for SVP438 Developmental Cell 30, 437–448, August 25, 2014 ª2014 Elsevier Inc.was located at the genomic region of
At2g03500 on chromosome 2. This locus
encodes an unknown MYB protein con-
taining a single R3-type MYB domain (Du-
bos et al., 2010) that is well conserved
among various plant species (Figure S1A
available online). To investigate thebiolog-
ical role of this gene, we isolated a corre-
sponding Ds transposon insertion mutant
(N16895) in the Nossen background from
Nottingham Arabidopsis Stock Centre
(NASC) (Figure 1A). This mutant exhibited
an early-flowering phenotype under long-day conditions (Figure S1B). We further introgressed this mutant
six times into the Columbia (Col) background to generate a
Col near-isogenic line, and found that the Col mutants also
flowered earlier than wild-type plants under both long-day and
short-day conditions (Figures 1C and 1D). Thus, this MYB gene
and the corresponding Col mutant were designated EARLY
FLOWERING MYB PROTEIN (EFM) and efm-1, respectively.
There was no detectable full-length EFM transcript in efm-1
(Figure 1B). To verify that loss of EFM function is responsible
for the early-flowering phenotype of efm-1, we transformed
efm-1 with a genomic construct (gEFM) harboring a 5.8-kb
EFM genomic region including the 3.5-kb upstream sequence
Figure 2. EFM Is Expressed in Vascular
Tissues
(A–F) Representative GUS staining of EFM:GUS
transgenic plants displays EFM expression in a
5-day-old seedling (A), cotyledons (B), a root tip
(C), a rosette leaf (D), a cauline leaf (E), and an open
flower (F). Scale bars, 1 mm in (A), (B), (D), and (E);
50 mm in (C); and 200 mm in (F).
(G) Distribution of flowering time in T1 transgenic
plants carrying the KNAT1:EFM or SUC2:EFM
construct in efm-1 background. WT, wild-type.
(H) Subcellular localization of EFM-GFP. GFP
localization was observed in tobacco leaves
infiltrated with 35S:EFM-GFP. GFP, GFP fluores-
cence; DAPI, fluorescence of 40,6-diamino-2-
phenylindole; Merge, merge of GFP, DAPI, and
bright field images. Scale bar, 10 mm.
See also Figure S2.
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EFM Mediates Flowering Responsesand the 2.3-kb full coding sequence plus introns. Most efm-1
gEFM T1 transformants exhibited comparable flowering time to
wild-type plants (Figure 1E), suggesting that EFM acts as a flow-
ering repressor. To confirm EFM function in the control of flower-
ing time, we generated EFM knockdown transgenic plants by
artificial microRNA (AmiR) interference. We created 16 AmiR-
efm independent lines that expressed an AmiR specifically tar-
geting at the last exon of the EFM mRNA (Figure 1A), among
which 12 lines exhibited different degrees of early flowering
under long-day conditions. In 8 out of these lines, the degrees
of early flowering were closely related to the levels of downregu-
lation of EFM expression (Figure 1F). In contrast, flowering wasDevelopmental Cell 30, 437–448delayed to varying degrees in transgenic
plants overexpressing EFM, which also
correlated with increased levels of EFM
in the transgenic plants examined (Fig-
ure 1G). Taken together, these results
demonstrate that EFM represses flower-
ing in a dosage-dependent manner.
EFM Is Specifically Expressed in
Vascular Tissues
We examined EFM expression in various
tissues of wild-type plants using quantita-
tive real-time PCR and found its highest
expression in rosette leaves (Figure S2A).
To monitor the detailed expression
pattern of EFM, we generated an EFM:
b-glucuronidase (GUS) reporter construct
in which the EFM genomic fragment used
for the gene complementation test (Fig-
ure 1E) was fused to the GUS gene.
Among 28 independent EFM:GUS lines
obtained, most lines consistently showed
specific GUS expression in vascular tis-
sues of various organs, including cotyle-
dons, rosette leaves, and cauline leaves
(Figures 2A–2F). There was noGUS stain-
ing signal in the vegetative shoot apical
meristem (Figure 2B), and in situ hybridi-zation further revealed barely detectable EFM expression in
shoot apices during the floral transition (Figure S2B).
To test the effect of spatial expression of EFM on flowering
time, we transformed efm-1 with the construct in which the
EFM coding sequence was driven by the promoter of either
SUCROSE TRANSPORTER 2 (SUC2) or KNOTTED-LIKE FROM
ARABIDOPSIS THALIANA 1 (KNAT1), which is active specifically
in phloem companion cells or shoot apical meristems, respec-
tively. Most efm-1 KNAT1:EFM T1 transformants exhibited com-
parable flowering time to efm-1, whereas all 40 efm-1 SUC2:EFM
T1 transformants flowered later thanefm-1, amongwhich14 lines
displayed similar flowering time to wild-type plants (Figure 2G)., August 25, 2014 ª2014 Elsevier Inc. 439
Figure 3. SVP Directly Regulates EFM
Expression
(A) Schematic diagram shows the EFM genomic
region. Exons are represented by black boxes,
while other genomic regions are represented by
white boxes. Arrowheads indicate the sites con-
taining either a single mismatch or a perfect match
to the consensus binding sequence (CArG box) of
MADS-domain proteins. Eleven DNA fragments
mostly flanking these sites were designed for ChIP
analysis of the SVP binding site as shown in (B).
bp, base pairs.
(B) ChIP analysis of SVP binding to the EFM
genomic region. Nine-day-old seedlings grown
under long-day conditionswere harvested forChIP
analysis. Enrichment fold of each fragment was
calculated first by normalizing the amount of a
target DNA fragment against a genomic fragment
of TUB2 as an internal control and then by
normalizing the value for wild-type (WT) plants
against that for svp-41. Error bars indicate SD of
three biological replicates. A SOC1 fragment
(number 6) that is highly associatedwith SVP (Shen
et al., 2011) was included as a positive control.
(C–E) In (C), EFM expression was determined by
quantitative real-time PCR in wild-type (WT), svp-
41 and 35S:SVP grown at 23C. Nine-day-old
seedlings grown under long-day conditions were
harvested for expression analysis. EFM expres-
sion in (C) and (E) was normalized to TUB2
expression. Error bars indicate SD. Asterisks
indicate significant differences in EFM expression
levels between indicated genotypes and wild-type
plants (Student’s t test, p < 0.001). (D) Flowering
time of efm-1, svp-41 and svp-41 efm-1 grown
under long-day conditions. Values were scored
from at least 20 plants of each genotype. An
asterisk indicates a significant difference in flow-
ering time of svp-41 efm-1 compared with that of
svp-41 or efm-1 (Student’s t test, p < 0.05). Error
bars indicate SD. (E) Temporal expression of EFM
determined by quantitative real-time PCR in
developing wild-type plants.
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EFM Mediates Flowering ResponsesThese results, together with the specific expression pattern of
EFM in the leaf vasculature, indicate that EFM functions in leaf
vascular tissues to repress flowering.
We further examined the subcellular localization of EFM in to-
bacco leaves using the green fluorescent protein (GFP) fusion
construct 35S:EFM-GFP. EFM-GFP localized specifically in the
nucleus (Figure 2H), supporting that EFM functions as a tran-
scription factor.
EFM Expression Is Directly Promoted by SVP
As EFM was first identified as a downstream target of SVP in
our ChIP-chip analysis, we further confirmed the binding of
SVP to EFM by ChIP assay using independent wild-type and
svp-41 seedlings grown under long-day conditions. We
scanned the EFM genomic sequence for the CC(A/T)6GG
(CArG) motif, a canonical binding site for MADS-domain pro-
teins including SVP, with a maximum of one nucleotide
mismatch and designed 11 primer pairs covering all the identi-
fied motifs (Figure 3A) to measure DNA enrichment in ChIP
assay of SVP binding to EFM using anti-SVP antibody (Shen440 Developmental Cell 30, 437–448, August 25, 2014 ª2014 Elsevieet al., 2011). Enrichment of SVP at the region between exons
2 and 3 of EFM was consistently detected in three biological
replicates (Figures 3A and 3B).
To examine if physical binding of SVP on EFM directly affects
EFM transcription, we detected EFM expression in svp-41 and
35S:SVP seedlings harvested 9 days after germination when
the floral transition occurred in wild-type plants in long days un-
der our growth conditions (at 23C). EFM expression decreased
in svp-41 but was elevated in 35S:SVP (Figure 3C), suggesting
that SVP promotes EFM expression in young seedlings. Genetic
analysis revealed that efm-1 showed an early-flowering pheno-
type similar to that of svp-41, while the svp-41 efm-1 double
mutant flowered only slightly earlier than either of the single
mutants (Figure 3D), implying that SVP and EFM could act as
flowering repressors mainly in the same regulatory pathway.
In agreement with the role of EFM as a flowering repressor, its
expression gradually decreased before the floral transition and
remained at low levels afterward (Figure 3E). These findings
suggest that SVP directly promotes EFM expression to sup-
press flowering.r Inc.
Figure 4. EFM Expression Is Regulated by
the Autonomous, GA, and Thermosensory
Pathways
(A–G) In (A), EFM expression in 9-day-old mutants
of the photoperiod pathway is shown. EFM
expression levels determined by quantitative real-
time PCR in (A) through (G) were normalized to
TUB2 expression and shown as relative values to
the maximal gene expression levels set at 100%.
Error bars in (A) through (G) indicate SD. (B) Effect
of vernalization treatment on EFM expression.
Seeds were grown on Murashige and Skoog me-
dium and vernalized at 4C under low-light con-
ditions for 8 weeks. Nine-day-old seedlings grown
under long-day conditions were harvested for
expression analysis. WT, wild-type. (C) Compari-
son of EFM expression in wild-type Ler plants and
ga1-3 mutants (Ler background). Four-day-old
(D4) and 8-day-old (D8) seedlings grown under
short-day conditions were harvested for expres-
sion analysis. (D) Effect of GA treatment on EFM
expression in ga1-3 mutants grown under short-
day conditions. Exogenous GA (100 mM) or 0.1%
ethanol (mock) was applied daily on to 3-week-
old ga1-3 seedlings for 2 consecutive days. The
seedlings before (0 h) and 48 hr after (48 h) the
first GA treatment were harvested for expression
analysis. An asterisk indicates a significant differ-
ence in EFM expression between GA-treated
and mock-treated samples (Student’s t test, p <
0.001). (E) EFM expression in 9-day-oldmutants of
the autonomous pathway. (F) EFM expression
in 9-day-old wild-type seedlings grown at 16C,
23C, and 27C under long-day conditions.
Asterisks indicate significant differences in EFM
expression in seedlings grown at 16C or 27C
compared with that at 23C (Student’s t test, p <
0.001). (G) EFM expression in wild-type, svp-41,
and 35S:SVP grown at 16C and 27C. Nine-day-
old seedlings grown under long-day conditions
were harvested for expression analysis. Asterisks
indicate significant differences in EFM expression levels between indicated genotypes and wild-type plants (Student’s t test, p < 0.001).
(H) Flowering time of svp-41 and efm-1 grown at 16C, 23C, and 27C under long-day conditions. The ratios of flowering time between 16C and 23C (16C/
23C) and between 23C and 27C (23C/27C) for all the genotypes are indicated in the attached table. Values were scored from at least 15 plants of each
genotype. Error bars indicate SD.
See also Figure S2.
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To investigate how EFM regulates flowering in response to
various flowering signals, we examined EFM expression in flow-
ering mutants of various genetic pathways and also in different
environmental conditions. EFM expression remained almost un-
changed in the mutants of the photoperiod pathway (Figure 4A)
and also did not exhibit a circadian oscillation under long-day
conditions (Figure S2C). In addition, vernalization treatment
did not affect EFM expression in both wild-type and FRI FLC
plants (Figure 4B). These results indicate that EFM expression
is not directly regulated by the photoperiod and vernalization
pathways.
EFM expression was consistently higher in GA-deficient ga1-3
mutants than in wild-type plants grown under short-day condi-
tions (Figure 4C), while gibberellic acid (GA) treatment for 2
consecutive days significantly suppressed EFM in ga1-3 grown
under short-day conditions (Figure 4D), suggesting that the GA
pathway represses EFM to promote flowering. EFM expressionDevelopwas consistently upregulated in loss-of-function mutants, such
as fca-1 and fve-1, of the autonomous pathway (Figure 4E), indi-
cating a repressive effect on EFM by the autonomous pathway.
As FCA and FVE also control flowering upstream of SVP in
response to changes in ambient growth temperature in the ther-
mosensory pathway (Bla´zquez et al., 2003; Lee et al., 2007),
we further tested whether EFM expression was also modulated
by ambient temperatures. EFM expression decreased with
increasing temperature from 16C to 27C (Figure 4H) in the
ambient temperature range (Wigge, 2013). Moreover, EFM
expression was consistently lower in svp-41 but higher in
35S:SVP at 16C, 23C, and 27C (Figures 3C and 4G), suggest-
ing that SVP promotes EFM expression at ambient tempera-
tures. Loss of function of SVP, a major player in the thermosen-
sory pathway, showed a temperature-insensitive flowering
phenotype as previously reported (Lee et al., 2007, 2013; Pose´
et al., 2013) (Figure 4H). In agreement with the finding on the
promotion of EFM by SVP, efm-1 also flowered in a partialmental Cell 30, 437–448, August 25, 2014 ª2014 Elsevier Inc. 441
Figure 5. EFM Directly Represses FT
Expression
(A) Temporal expression of FT in developing efm-1
and wild-type (WT) seedlings under long-day
conditions. All samples were collected at the end
of long-day conditions (ZT16). Gene expression
levels determined by quantitative real-time PCR in
(A) through (C) were normalized to TUB2 expres-
sion and shown as relative values to the maximal
gene expression levels set at 100%. Error bars
indicate SD.
(B) Temporal expression of SOC1 in developing
efm-1, ft-10, ft-10 efm-1, and wild-type seedlings
under long-day conditions.
(C) Diurnal oscillation of FT expression in 9-day-
old efm-1 and wild-type seedlings under long-
day conditions. Samples were harvested at 4 hr
intervals over a 24 hr period. Sampling time is
expressed in hours as ZT, which is the number of
hours after the onset of illumination.
(D) Flowering time of various mutants grown under
long-day conditions. Values were scored from
at least 20 plants of each genotype. Error bars
indicate SD.
(E) GUS expression in FT:GUS and efm-1
FT:GUS. Representative GUS staining of 13-day-
old FT:GUS and efm-1 FT:GUS seedlings grown
under long-day conditions is shown on the left,
while quantitative comparison of GUS activity is
shown on the right. Error bars indicate SD.
(F) Schematic diagram shows the FT genomic re-
gion. Exons are represented by black boxes, while
other genomic regions are represented by white
boxes. Gray boxes represent the DNA fragments
amplified in ChIP analysis shown in (G).
(G) ChIP analysis of EFM-GFP binding to the FT
genomic region in 9-day-old seedlings. Enrich-
ment fold of each fragment was calculated first by
normalizing the amount of a target DNA fragment
against a genomic fragment of TUB2 as an internal
control and then by normalizing the value for efm-1
gEFM-GFP against that for efm-1. An ACTIN (ACT)
fragment was amplified as a negative control. Er-
ror bars indicate SD of three biological replicates.
See also Figure S3.
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EFM Mediates Flowering Responsestemperature-insensitive pattern from 16C to 23C and in amore
insensitive pattern from 23C to 27C (Figure 4H). These results
suggest that EFM acts downstream of SVP to partially mediate
the effect of the thermosensory pathway on flowering time.
EFM Directly Represses FT Expression in Leaves
Since SVP regulates flowering mainly through transcriptional
regulation of SOC1 and FT (Lee et al., 2007; Li et al., 2008), we
proceeded to test whether EFM also affects the expression of442 Developmental Cell 30, 437–448, August 25, 2014 ª2014 Elsevier Inc.these two genes. FT expression was
dramatically increased in developing
efm-1 seedlings (Figure 5A), but greatly
suppressed in 35S:EFM (Figure S3A), at
the vegetative phase and during the floral
transition. Similar but less dramatic
changing trends for SOC1 expression
were observed in efm-1 and 35S:EFMseedlings (Figure 5B; Figure S3B). As FT positively regulates
SOC1 (Yoo et al., 2005), we then examined whether EFM affects
SOC1 expression through FT. Although SOC1 was upregulated
in efm-1, its expression was dramatically downregulated in ft-
10 efm-1 to the levels comparable to those in ft-10 (Figure 5B),
indicating that EFM suppresses SOC1 in an FT-dependent
manner. Since FT is expressed in a diurnal pattern with a peak
at the end of long days (Imaizumi and Kay, 2006), we further
measured its circadian expression in efm-1 every 4 hr over a
Figure 6. EFM Interacts with a Putative
Histone Demethylase JMJ30
(A) Yeast-two hybrid assay of the interaction be-
tween EFM and JMJ30. Transformed yeast cells
were grown on SD-Leu/-Trpmedium (upper panel)
and SD-Leu/-Trp/-His medium supplemented
with 5 mM 3-amino-1, 2, 4-triazole (3AT) (lower
panel).
(B) Quantification of the interaction between
EFM and JMJ30 in yeast by b-galactosidase
assays.
(C) BiFC analysis of the interaction between EFM
and JMJ30. DAPI, fluorescence of 40,6-diamino-
2-phenylindole; Merge, merge of EYFP, DAPI, and
bright field images.
(D) In vivo interaction between EFM and
JMJ30 shown by coimmunoprecipitation. Nu-
clear extracts from 9-day-old efm-1 gEFM-
GFP and efm-1 gEFM-GFP 35S:JMJ30-6HA
seedlings were immunoprecipitated by anti-
HA agarose. The input and coimmunoprecipi-
tated proteins were detected by anti-GFP anti-
body.
(E) Coomassie blue staining of affinity-purified
6His-JMJ30 and GST proteins that are overex-
pressed in E. coli.
(F) JMJ30 demethylates H3K36me3 and H3K36me2 in vitro. Calf thymus free histones were incubated with various amount of JMJ30 proteins and subjected to
western blot analysis using antibodies that specifically recognize methylated H3 histones. Purified GST was used as a reaction control, and the amount of H3
served as a loading control.
See also Figures S4 and S5.
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EFM Mediates Flowering Responses24 hr long-day cycle and found that rhythmic FT expression was
constitutively suppressed by EFM (Figure 5C), demonstrating a
strong negative effect of EFM on FT expression throughout the
day. Genetic analyses revealed that compared with soc1-2, ft-
10 almost completely suppressed the early-flowering phenotype
of efm-1 (Figure 5D), substantiating that FT rather than SOC1 is a
downstream target of EFM.
To understand the spatial effect of EFM on FT expression,
we monitored the GUS staining patterns of FT:GUS (Takada
and Goto, 2003) in efm-1 versus wild-type plants. The GUS
signal wasmainly restricted to the cotyledon vasculature andmi-
nor veins toward the distal region of rosette leaves in wild-type
plants, whereas the signal was obviously enhanced and
expanded to almost all veins in efm-1 (Figure 5E). Quantification
of GUS activity consistently revealed greatly increased FT:GUS
expression in efm-1 (Figure 5E). In contrast, there were only
mild changes in the GUS expression level and domain of SOC1:
GUS (Li et al., 2008) in efm-1 versus wild-type plants (Fig-
ure S3C). These results, which are consistent with the negative
effect of EFM expression in the leaf vasculature on flowering
(Figure 2), support that EFM represses flowering through specif-
ically suppressing FT in leaf vascular tissues.
To examinewhether EFMdirectly controls FT transcription, we
first created efm-1 gEFM-GFP transgenic lines containing the
GFP-tagged EFM genomic fragment used for the gene comple-
mentation assay (Figure 1E). Most efm-1 gEFM-GFP T1 trans-
formants displayed similar flowering time to that of wild-type
plants (Figure S3D), implying that the fusion protein of EFM-
green fluorescent protein (GFP) is biologically functional. ChIP
assays using a representative efm-1 gEFM-GFP line showed
that among 21 fragments covering a 9-kb FT genomic regionDevelop(Figure 5F) that includes sufficient cis elements required for
rescuing the late-flowering phenotype of ft-10 (Adrian et al.,
2010), the number 5 fragment was consistently enriched for
EFM binding in three biological replicates (Figure 5G). These re-
sults collectively suggest that EFM directly binds to the FT locus
to suppress its expression.
In addition to FT, its closest homolog TWIN SISTER OF FT
(TSF) (Yamaguchi et al., 2005) was also upregulated in devel-
oping efm-1 seedlings (Figure S3E), despite a less dramatic
change than that occurred to FT, implying that TSF could
be another potential target of EFM. In contrast, expression of
those known FT upstream regulators, such as AGAMOUS-
LIKE 24, FLC, SVP, and several AP2-like members, was only
slightly changed or remained unchanged in efm-1 (Figures
S3F–S3I).
EFM Interacts with a JmjC-Domain-Containing Protein
JMJ30
To further elucidate how EFM affects FT transcription during the
floral transition, we carried out yeast two-hybrid screening to
identify interacting partners of EFM. The identified interactors
included a JmjC-domain-containing protein JMJ30, which was
previously reported to play a role in regulating the Arabidopsis
circadian clock (Jones et al., 2010; Lu et al., 2011). Yeast two-
hybrid assays confirmed the interaction between EFM and
JMJ30 (Figures 6A and 6B). To test the in vivo interaction be-
tween EFM and JMJ30, we performed bimolecular fluorescence
complementation (BiFC) assays and found the enhanced yellow
fluorescent protein (EYFP) fluorescence signal only in the nuclei
of tobacco epidermal cells (Figure 6C), implying a direct interac-
tion between EFMand JMJ30 in the nuclei of living tobacco cells.mental Cell 30, 437–448, August 25, 2014 ª2014 Elsevier Inc. 443
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EFM Mediates Flowering ResponsesMore important, coimmunoprecipitation analysis on nuclear
extracts from 9-day-old efm-1 gEFM-GFP 35S:JMJ30-6HA
confirmed the in vivo interaction of EFM and JMJ30 during the
floral transition (Figure 6D). These results support that EFM inter-
acts with JMJ30 in the nucleus.
Sequence analysis revealed that JMJ30 is a member of the
Arabidopsis JmjC protein family that contains potential histone
demethylases that target to various lysine residues with different
methyl group number specificity (Mosammaparast and Shi,
2010). JMJ30 belongs to the clade of JMJ proteins containing
only the JmjC domain that serves an essential part of the cata-
lytic core (Hong et al., 2009) and shares high sequence similarity
to human KDM8 (Figure S4). As KDM8 is a specific H3K36me2
demethylase involved in cell cycle progression and cell prolifer-
ation (Hsia et al., 2010; Ishimura et al., 2012), we performed
in vitro demethylation assays using the purified 6His-JMJ30 pro-
tein (Figure 6E). Our results showed that JMJ30 catalyzed the
demethylation of trimethyl H3K36 (H3K36me3) and H3K36me2,
but they did not show an observable demethylation activity for
monomethyl H3K36 (H3K36me1) (Figure 6F), indicating that
JMJ30 could function as an H3K36me3/2 demethylase.
Interaction of EFM with JMJ30 Affects H3K36me2
Dynamics at FT
As efm-1was genetically epistatic to a previously identified loss-
of-function mutant jmj30-1 (Jones et al., 2010; Lu et al., 2011) in
the control of flowering time (Figure 7A), we tested whether EFM
and JMJ30 could regulate each other at the transcriptional level.
Under long-day conditions, JMJ30 expression exhibited a
similar robust circadian rhythm with a peak at Zeitgeber time
(ZT)-12 (12 hr after light on) in both wild-type and efm-1 plants
(Figure S5A), while EFM expression was also not altered in
jmj30-1 (Figure S5C), suggesting that interaction between EFM
and JMJ30 does not directly occur at the transcriptional level.
Given the protein interaction between EFM and JMJ30
observed in this study and the suppressive effect of JMJ30 on
the rhythmic FT expression in JMJ30 overexpression plants (Lu
et al., 2011), we hypothesized that EFM and JMJ30 may interact
to affect FT expression. To test this, we first measured FT
expression in jmj30-1. Although jmj30-1 did not exhibit an
obvious flowering defect compared with wild-type plants (Fig-
ure 7A), FT was consistently upregulated in jmj30-1 during the
floral transition (Figure 7B), which was coupled with altered
expression of some other flowering time genes (Figure S5C).
Simultaneous changes in expression of flowering repressors or
promoters in the same direction may partially explain the normal
flowering time of jmj30-1. Furthermore, we measured circadian
expression of FT in jmj30-1 every 4 hr over a 24 hr long-day cycle
(Figure 7C) and found that rhythmic FT expression was only sup-
pressed by JMJ30 from ZT12 to ZT20 with the strongest effect
shown at ZT16 when FT expression reached the peak, indicating
an antagonistic effect of JMJ30 on specifically dampening FT
expression at the end of long-day conditions. To explorewhether
JMJ30 also binds to the FT locus as EFM, we performed ChIP
assays using a representative 35S:JMJ30-6HA transgenic plant
(line 42) that exhibited delayed flowering (Figures S5D and S5E)
as previously reported JMJ30 overexpression plants (Lu et al.,
2011). Among the selected 12 fragments covering the FT locus
(Figure 5F), JMJ30-6HA was associated with the genomic region444 Developmental Cell 30, 437–448, August 25, 2014 ª2014 Elsevienear the number 18 fragment (Figure 7D), suggesting that both
EFM and JMJ30 directly bind to the FT locus. Notably, associa-
tion of JMJ30-6HA to FT was significantly attenuated in the
efm-1 background (Figure 7D). This indicates that JMJ30 binding
to FT is partially dependent on EFM.
As in vitro demethylation assays indicate a role of JMJ30 as an
H3K36me3/2 demethylase (Figure 6F), we examined the in vivo
demethylase activity of JMJ30 throughmeasuring global methyl-
ation levels of H3K36 and found that the methylation levels were
not obviously changed in jmj30-1, efm-1, and their double mu-
tants comparedwith wild-type plants (Figure S5B). This observa-
tion implies that JMJ30 might either be an H3K36 demethylase
that aims for certain specific targets or play a redundant role in
H3K36 demethylation with other close homologs in the JmjC
domain-only group (Hong et al., 2009).
Since JMJ30 directly binds to the FT locus and affects its
expression, we were prompted to analyze the effect of JMJ30
on levels of H3K36me3 and H3K36me2 across the FT chromatin
region by ChIP assays of 9-day-old seedlings collected at ZT16
when FT expression was strongly suppressed by JMJ30 under
long-day conditions (Figure 7C). H3K36me3 levels were gener-
ally low at the FT locus in wild-type plants and were not signifi-
cantly changed in jmj30-1, efm-1, and jmj30-1 efm-1 (Figure 7E).
In contrast, elevated enrichment of H3K36me2 was clearly
observed in jmj30-1 at the FT locus near the number 18 fragment
(Figure 7F) where JMJ30-6HA bound (Figure 7D), suggesting
that JMJ30 specifically demethylates H3K36me2 at FT. To test
whether EFM interacts with JMJ30 to affect H3K36me2 dy-
namics at FT, we also measured H3K36me2 levels in efm-1
and jmj30-1 efm-1 and found a similar increase as in jmj30-1
(Figure 7F). Consistent with the proposed link of H3K36me2
with transcriptionally active chromatin (Li et al., 2007; Liu et al.,
2010), our results indicate that repression of FT expression by
EFM and JMJ30 correlates with H3K36me2 modification at the
FT locus.
DISCUSSION
The transition from vegetative to reproductive growth in flower-
ing plants is precisely controlled by intricate regulatory networks
that perceive and integrate various environmental and develop-
mental signals. It is crucial for plants to rapidly respond to chang-
ing environments to achieve their maximum reproductive
success. Here, we show that a MYB transcription factor EFM
mediates Arabidopsis responses to temperature and light to
directly repress the expression of the florigen gene FT in the
leaf vasculature in a dosage-dependent manner (Figure 7G).
This mechanism ensures an appropriate timing of Arabidopsis
reproduction through antagonizing other flowering promotion
pathways to prevent precocious flowering activated by FT under
unfavorable environmental conditions.
EFM is directly promoted by another potent flowering
repressor, SVP, that plays a central role in integrating flowering
signals from various pathways (Figures 3 and 4G) (Lee et al.,
2007; Li et al., 2008). An intriguing question is how SVP contrib-
utes to tissue-specific regulation of EFM expression in the leaf
vasculature, which seems to be directly responsible for sup-
pressing FT expression in the same region. As SVP mRNA is
highly expressed in both leaf veins and mesophyll cells (Leer Inc.
Figure 7. EFM Interacts with JMJ30 to Affect H3K36me2 Dynamics at FT
(A) Flowering time of efm-1, jmj30-1, and jmj30-1 efm-1 grown under long-day conditions. Values were scored from at least 20 plants of each genotype. Error bars
indicate SD. WT, wild-type.
(B and C) In (B), temporal expression of FT in developing jmj30-1 seedlings under long-day conditions is shown. All samples were collected at the end of long-day
conditions (ZT16). Gene expression levels determined by quantitative real-time PCR in (B) and (C) were normalized to TUB2 expression and shown as relative
values to the maximal gene expression levels set at 100%. Error bars indicate SD. (C) Diurnal oscillation of FT expression in 9-day-old jmj30-1 and wild-type
seedlings under long-day conditions.
(D) ChIP analysis of JMJ30-6HA binding to the FT genomic region in 9-day-old seedlings. Enrichment fold of each fragment as illustrated in Figure 5F was
calculated first by normalizing the amount of a target DNA fragment against a genomic fragment of TUB2 as an internal control and then by normalizing the value
for 35S:JMJ30-6HA or efm-1 35S:JMJ30-6HA against that for wild-type or efm-1 plants. An ACTIN (ACT) fragment was amplified as a negative control. Asterisks
indicate significant changes in ChIP enrichment fold in efm-1 35S:JMJ30-6HA comparedwith 35S:JMJ30-6HA (Student’s t test, p < 0.001). Error bars indicate SD
of three biological replicates.
(E and F) ChIP analysis of H3K36me3 (E) and H3K36me2 (F) levels at the FT locus in 9-day-old seedlings with various genetic backgrounds. All samples were
collected at ZT16, when FT expression was strongly suppressed by JMJ30 under long-day conditions. Enrichment fold of each fragment as illustrated in Figure 5F
was calculated first by normalizing the amount of a target DNA fragment against a genomic fragment of MU transposon (At4g03870) as an internal control and
then by normalizing the value for immunoprecipitated samples against that for input. A genomic fragment of the TUB2 gene enriched for H3K36me3, but not for
H3K36me2, was amplified as a control. Asterisks in (F) indicate statistically significant differences in ChIP enrichment fold between variousmutants andwild-type
plants (Student’s t test, p < 0.001). Error bars indicate SD of three biological replicates.
(G) A model describing EFM function in repressing FT expression in response to temperature and light. EFM partially mediates the effect of ambient temperature
on flowering downstream of SVP and interacts with JMJ30 that forms a negative feedback regulatory loop with the light-responsive circadian clock. Promoting
and repressive effects are indicated by arrows and T bars, respectively. Double-ended diamond arrows indicate protein-protein interactions.
See also Figures S5 and S6.
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EFM Mediates Flowering Responseset al., 2007; Li et al., 2008; Shen et al., 2011), it is possible that
modulation of SVP protein localization and/or SVP interaction
with other tissue-specific partners could confer this specificity.
Indeed, several studies have shown that SVP effect on flowering
is mediated either at the posttranscriptional level or through its
protein interaction with other regulators (Fujiwara et al., 2008;
Lee et al., 2013; Pose´ et al., 2013; Shen et al., 2011). ForDevelopexample, SVP controls the thermosensory repression of flower-
ing in response to changes in ambient temperature through its
interaction with FLM-b encoded by a splice variant of FLM (Lee
et al., 2013; Pose´ et al., 2013). Expression of FLM-b is relatively
low at high ambient temperatures, whereas its expression is pre-
dominant among all FLM variants at low ambient temperatures
(e.g., 16C). Notably, FLM expression specifically increases inmental Cell 30, 437–448, August 25, 2014 ª2014 Elsevier Inc. 445
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2013), which may confer a tissue-specific functional domain
for the repressor complex of FLM-b and SVP to suppress down-
stream genes, such as EFM.
EFM interacts with a JmjC domain-containing protein, JMJ30,
an H3K36me2 demethylase, in Arabidopsis during the floral tran-
sition. Both proteins directly bind to the FT locus, resulting in a
specific demethylation of an active mark H3K36me2 at FT. Pre-
vious studies have shown that JMJ30 forms a negative feedback
regulatory loop with three key components—namely, CCA1,
LHY and TOC1—of the central oscillator in the light-responsive
circadian clock in Arabidopsis (Jones et al., 2010; Lu et al.,
2011). On one hand, JMJD30 acts in concert with TOC1, an eve-
ning-expressed pseudoresponse regulator, to positively regu-
late the expression of CCA1 and LHY, two morning-expressed
MYB genes (Jones et al., 2010). On the other hand, CCA1 and
LHY directly repress the expression of TOC1 and JMJ30 (Alabadı´
et al., 2001; Lu et al., 2011). Reciprocal regulation between
TOC1/JMJ30 and LHY/CCA1 not only engages JMJ30 in modu-
lating the circadian clock but also permits regulation of JMJ30
expression by the circadian clock with self-sustaining rhythms.
As a result, JMJ30 shows a robust circadian rhythm of expres-
sion with a sharp increase from ZT8 to ZT12 and a gradual
decrease afterward (Figure S5A). In contrast, there is a signifi-
cant increase in the rate of elevating FT expression after ZT12
until its expression reaches the peak at ZT16 (Figure 5C). Since
EFM is not expressed with a circadian oscillation under long-
day conditions (Figure S2C), we reasoned that EFMcould specif-
ically recruit JMJ30 to antagonize significant upregulation of the
rhythmic FT expression at dusk by its major upstream promoter
CO (Figure 7G) (An et al., 2004; Imaizumi, 2010; Samach et al.,
2000; Song et al., 2013; Sua´rez-Lo´pez et al., 2001; Valverde
et al., 2004; Wigge et al., 2005). In agreement with this conjec-
ture, the peak expression of FT at ZT16 is strongly suppressed
by JMJ30 (Figure 7C).
Circadian clocks are synchronized by environmental cues,
and maintain robust and accurate intervals over a broad range
of physiological temperatures, a phenomenon called tempera-
ture compensation (Edwards et al., 2005). JMJ30 regulates the
pace of the circadian clock and interacts with the central oscil-
lator, in which some components, such as CCA1, LHY, and
TOC1, are involved in temperature compensation (Gould et al.,
2006; Jones et al., 2010; Lu et al., 2011). Thus, interaction be-
tween JMJ30 and EFM, which responds to temperature signals
downstream of SVP, could also provide a means for plants to
adjust the circadian clock in response to the changes in temper-
ature. In addition to the direct effect of EFM and JMJ30 on FT
expression, modulation of the circadian clock by these two reg-
ulators could add another level of control on FT because some
upstream regulators of FT, such as CO, are also tightly controlled
by the circadian clock (Imaizumi, 2010; Sawa et al., 2007).
The effect of EFM and JMJ30 on flowering converges on
the transcriptional regulation of FT, which correlates with
H3K36me2 dynamics at FT. Several lines of evidence support
that JMJ30 is an H3K36me2 demethylase that specifically tar-
gets on FT. First, JMJ30 shares high sequence similarity to hu-
man KDM8, a proven H3K36me2 demethylase (Hsia et al.,
2010; Ishimura et al., 2012), and catalyzes the demethylation of
H3K36me2 in vitro. Second, JMJ30 directly binds to FT and reg-446 Developmental Cell 30, 437–448, August 25, 2014 ª2014 Elsevieulates its expression. Third, loss of JMJ30 function results in a
significant increase in H3K36me2 levels at the FT locus at the
same region where JMJ30 binds (Figures 7D and 7F). These re-
sults suggest that JMJ30 specifically demethylates H3K36me2
at FT during the floral transition. It is important to note that
efm-1 shows a similar decrease in H3K36me2 levels at the
same region as observed for jmj30-1, and JMJ30 binding to FT
is also partially dependent on EFM. Thus, EFM is required for
modulation of H3K36me2 levels at FT by JMJ30. In agreement
with several recent findings showing that transcription factors
act as primary mediators to regulate gene expression through
histone modifications (Kasowski et al., 2013; Kilpinen et al.,
2013; McVicker et al., 2013), our results suggest that EFM could
specifically recruit JMJ30 to demethylate H3K36me2 at FT, thus
antagonizing the elevation of FT expression particularly at dusk.
To further elucidate whether EFM regulation of FT involves other
known direct regulators of FT, we have performed a preliminary
protein-interaction study and found that EFM may not directly
interact with SVP, FLC, and CO (Figure S6). Considering that
spatiotemporal regulation of FT integrates various flowering
signals, it will be interesting to further investigate the interplay
or missing links among FT upstream regulators.
In summary, our study has established EFM as an important
flowering regulator that mediates the effect of ambient tempera-
ture downstream of SVP and interacts with the light-responsive
circadian clock through an H3K36me2 demethylase JMJ30.
EFM directly represses FT expression in the leaf vasculature,
which is coupled with the modification of H3K36me2 levels at
FT. Thus, EFM serves as an important convergence point that
mediates changes in the chromatin status of FT in response to
major environmental signals, temperature, and light, to deter-
mine the timing of reproduction.
EXPERIMENTAL PROCEDURES
Plant Materials and Growth Conditions
Arabidopsis thaliana ecotypes Col or Landsberg erecta (Ler) were grown under
long-day conditions (16 hr light/8 hr dark) or short-day conditions (8 hr light/
16 hr dark) at 23C ± 2C. The mutants co-1, gi-1, ft-10, fve-3, soc1-2,
svp-41, and jmj30-1 are in the Col background, while co-2, fve-1, fca-1,
fpa-1, and ga1-3 are in the Ler background. efm-1 is a Col near-isogenic
line. All transgenic plants were generated in the Col background through
Agrobacterium-mediated transformation and selected by Basta on soil.
Yeast Two-Hybrid Assay
To construct the vectors for yeast two-hybrid assays, the coding regions of
EFM, JMJ30, SVP, FLC, and CO were amplified and cloned into pGADT7 or
pGBKT7 (Clontech). The yeast two-hybrid assay was performed using the
Yeastmaker Yeast Transformation System 2 (Clontech). The library screening
was performed as described elsewhere (Liu et al., 2009).
BiFC Analysis
The full-length coding regions of EFM and JMJ30 were cloned into primary
pSAT1 vectors. The resulting cassettes including fusion proteins and the
constitutive promoters were cloned into pHY105 and transformed into
Agrobacterium. These Agrobacteria were coinfiltrated into tobacco (Nicotiana
benthamiana) leaves.
Coimmunoprecipitation Experiment
Plants were ground with mortar and pestle in liquid nitrogen, and nuclear
proteins were extracted as described elsewhere (Liu et al., 2009). Protein ex-
tracts were then incubated with anti-hemagglutinin (HA) agarose conjugate
(Sigma) at 4C for 2 hr. Immunoprecipitated proteins and protein extracts asr Inc.
Developmental Cell
EFM Mediates Flowering Responsesinputs were resolved by SDS-PAGE and detected by anti-GFP antibody
(Invitrogen).
ChIP Assay
Seedlings were fixed on ice for 40 min in 1% formaldehyde under vacuum.
Chromatin was isolated and sonicated to produce DNA fragments around
250 base pairs. Endogenous SVP protein was immunoprecipitated by anti-
SVP antibody (Shen et al., 2011) bound to Protein A/G PLUS-Agarose (Santa
Cruz Biotechnology). EFM-GFP and JMJ30-6HA were immunoprecipitated by
anti-GFP antibody (Invitrogen) bound to Protein A/G PLUS-Agarose (Santa
Cruz Biotechnology) and anti-HA agarose conjugate (Sigma), respectively.
H3K36me2 and H3K36me3 were detected by anti-H3K36me2 and anti-
H3K36me3 antibodies (Abcam) bound to Protein A/G PLUS-Agarose (Santa
Cruz Biotechnology), respectively. Relative enrichment of each fragment
was determined by quantitative real-time PCR as reported elsewhere (Li
et al., 2008). ChIP assays were repeated with three biological replicates.
Primer pairs used for ChIP assays are listed in Supplemental Experimental
Procedures.
Purification of Recombinant JMJ30
6His-JMJ30 and glutathione S-transferase (GST) were overexpressed
in E. coli, affinity purified using nickel nitriloacetic acid and glutathione-
linked resins according to the manufacturer’s instructions (Sigma), and eluted
with the elution buffer supplemented with 13 Protease Inhibitor Cocktail
(Roche). The purified proteins were immediately used in the demethylation
reactions.
Histone Demethylation Assay
The purified proteins were incubated with calf thymus histones (Sigma) in the
reaction buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 50 mM Fe(NH4)(SO4)2,
1 mM a-ketoglutarate, and 2 mM ascorbic acid) for 16 hr at 37C. Subse-
quently, a fraction of histones were separated by SDS-PAGE and transferred
to 0.2 mm nitrocellulose membranes (Bio-Rad). The blots were probed with
anti-H3K36me1/2/3 and anti-H3 antibodies (Abcam) and developed by chem-
iluminescence using the Super-Signal West Pico Chemiluminescent Substrate
(Pierce).
Additional Methods
Additional information on plasmid construction and expression analysis is
provided in the Supplemental Experimental Procedures.
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